Plastic phenotypes are expected to be favoured in heterogeneous environments compared with stable environments. Sensory systems are interesting to test this theory because they are costly to produce and support, and strong fitness costs are expected if they are not tuned to the local environment. Consistently, the visual system of several species changes with the conditions experienced during early development. However, there is little information on whether the amplitude of the change, that is the reaction norm, differs between visual environments. Given the rapid change of many ecosystems, especially eutrophication for aquatic habitats, it is crucial to determine down to which spatial scale, change in the reaction norm occurs. We addressed this issue by quantifying the between-habitat variation in the expression of a UV-sensitive opsin in a newt. In western France, this species breeds in ponds of small forest patches, where water filters out UV, and in agricultural ponds where UV transmission is variable. We raised larvae from both habitats with or without exposure to UV. Opsin expression was reduced in larvae from agricultural habitats when raised without UV, whereas it was low in larvae from forest ponds under all lighting conditions. Thus, the variation in the reaction norm of opsin expression was lower in stable filtering environments and higher in heterogeneous environments. Its variation occurred between habitats across a small spatial scale. We discuss the hypotheses for this pattern and for the maintenance of residual opsin expression in forest populations.
Introduction
Theory on phenotypic plasticity predicts plastic individuals to be favoured in heterogeneous environments, and nonplastic individuals in stable environments (DeWitt et al., 1998; Kassen, 2002; Scheiner, 2013; Murren et al., 2015) . Sensory systems are interesting to test this theory because they are crucial to many biological functions and are energetically costly. Costs are associated not only with the maintenance and support of neural structure but also with the transfer and treatment of information. It has been estimated that the human brain consumes 20% of the organism's oxygen and the eye of a fly 8-10% of ATP (Laughlin et al., 1998; Niven & Laughlin, 2008) . Regarding vision, sensory inputs are provided by photoreceptors (opsins) of different types that are each sensitive to a given range of wavelengths. To be able to use visual information about its environment, an organism supports not only the costs of photoreceptor production but also the maintenance and operating costs of the neural circuitry associated with the transfer and analysis of the sensory input of that photoreceptor. Therefore, individuals maintaining components of the visual system or any other sensory systems that have no longer use, or are not tuned to their environment, may be at a strong selective disadvantage. However, plasticity may reduce the risk of producing unnecessary components of a sensory system. Hence, the lack of exposure to specific wavelengths during development can strongly reduce the expression of the photoreceptor (opsin) sensitive to this wavelength range and alter the neural structure of the visual system (Wagner & Kr€ oger, 2000) . It has been shown that the expression of the UV-sensitive photoreceptor (SWS1 opsin) depends on UV availability in the environment experienced during development in fish (Fuller et al., 2005) and amphibians (Martin et al., 2016) . Whether and how environmental heterogeneity affects the plasticity of the visual system at the population level is still a largely pending issue. Addressing it may help to better apprehend the evolutionary potential of populations to respond to the current rapid variations of their environment, including habitat fragmentation and changes in visual environments due to water eutrophication (Seehausen et al., 1997; Engstr€ om-€ Ost & Candolin, 2007) or light pollution (Gaston et al., 2013 ).
Here, we tested for small-scale between-habitat variation in the reaction norm of opsin expression in an ubiquitous amphibian, the palmate newt Lissotriton helveticus. This species breeds extensively in a wide range of habitats from open agricultural areas to the midst of large forest patches in Western Europe. In a previous study on 50 ponds in the same area, we found that the availability of UV radiation was lower in forest ponds than in agricultural ponds (Secondi et al., 2012) . This filtering is caused by the cumulative absorption by the canopy and dissolved organic carbon. The latter originates from the decay of vegetation that stains water and causes strong excess absorbance of UV radiations (Crump et al., 1999) . Forest patches are scarce in western France, and most breeding sites are found in agricultural lands. In agricultural ponds, the lighting conditions of the aquatic environment change between years, and even within a year, and between sites depending on vegetation growth, turbidity and the concentration of humic acids. In contrast, in forest ponds, UV transmission is constantly low because of UV-blocking compounds. Overall, the variation of UV transmission in water is larger between and within agricultural ponds than between and within forest ponds (Secondi et al., 2012) . Thus, the slope of the reaction norm of opsin expression should be larger in agricultural habitats to avoid supporting the cost of UV vision when and where it cannot be used, whereas it should be lower, and opsin expression reduced or suppressed, in forest ponds. To test the influence of habitat on the reaction norm of SWS1, we exposed L. helveticus larvae from agricultural and forest habitats to two lighting environments with UV (UV+) and without UV (UVÀ) during their development and quantified the expression of SWS1. (Fig. 1) .
Materials and methods

Sampling and larval development
At each sampling site, four gravid females were collected, brought to the laboratory and housed in individual aquaria inside a husbandry room at 16°C. The room was equipped with UVR-free neon lights (OSRAM LUMILUX Cool Daylight HE 14 W/865) providing a 12-h light/dark cycle. Aquaria (32 9 17.5 9 19 cm) were filled with 8 L of aged, dechlorinated tap water and equipped with a gentle aeration system, shelters and Canadian waterweeds, Elodea canadensis, as suitable substratum for egg deposition. Females were fed daily ad libitum on live chironomid larvae. After 8 days, leaf-packed eggs were selected in each clutch, and females and unselected eggs were released at the females' sampling site. Selected eggs were placed in small translucent plastic cylinders (35 mm diameter, 65 mm height) filled with aged, dechlorinated tap water constantly aerated.
Larvae monitoring and UVA exposure system
At hatching, each larva was removed from cylinders and introduced into an individual rearing tank corresponding to a small translucent plastic container (15 9 998.5 cm) filled with 1 cm of water and containing no barrier or shelter. From each female, we collected two larvae that were randomly assigned to one of the two treatments (n total = 32 larvae). The lighting conditions in the room were the same as those described above, but temperature was progressively raised from 16 to 20°C from April through July to track natural seasonal variation of water temperature. From 4 days old, larvae were fed ad libitum on live zooplankton collected in natural ponds, and three quarters of the water volume was renewed daily. From birth to the end of experiment, one group of larvae was exposed to UVA for 15 min day À1 , whereas the other group was not. Each day, at 2 p.m., tanks containing the UV-exposed group were optically isolated from the husbandry environment using opaque black panels (no tank manipulation) and exposed to UVA+ visible light provided by a full spectrum neon light (Repti Glo 5.0 UVB/T8; Exo Terra â , Rolf C. Hagen Inc, Montreal, QC, Canada) 
placed at 25 cm above rearing tanks and covered with a UVB cut-off filter (clear 0.003 Dura-Lar TM polyester film, Grafix â , Maple Heights, OH, USA). Throughout the experiment, tanks were gathered in two neighbouring clusters on the same laboratory bench to minimize variation in lighting and overall environmental conditions between treatments outside the exposure period. Irradiance spectra for both light conditions are shown in supplementary material (Fig. S1 ). We selected low duration of exposure to avoid potential deleterious effects of UV. Even if UVA is less damaging than UVB, it can have negative effects on amphibians (Passaglia Schuch et al., 2015) . The UV group was exposed to the same light condition (without UV) throughout the day.
Quantification of opsin gene expression
For all females of each population, we randomly selected two larvae that had reached the last stage before metamorphosis (stage 52, i.e. 58-64 days after hatching), one from each treatment (UV+ or UVÀ). All individuals were killed in the afternoon of the same day. After euthanasia and enucleation, relative opsin mRNA expression of SWS1 (short-wavelength-sensitive) and LWS (long-wavelength-sensitive) opsin genes in the eye was quantified. The main sensitivity peak of LWS lies beyond 500 nm so that its expression is expected not to be altered by the treatments. We used the same protocol as in a previous study (Martin et al., 2016) . Briefly, the whole eyes were immediately frozen in liquid nitrogen and stored at À80°C until RNA extraction. Total RNA was extracted from eyes using NucleoSpin RNA kit (Macherey Nagel, D€ uren, Germany), and then, 1 lg of purified RNA was reversetranscribed using RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) as previously described (Dupuis et al., 2010) . Relative opsin mRNA expression of opsin genes was quantified by quantitative real-time PCR (qPCR) on a Chromo4 Real-Time PCR System (Bio-Rad, Hercules, CA, USA) and normalized to the expression level of the control housekeeping gene actin. Each reaction of qPCR was carried out with 5 lL of a 25-fold dilution of cDNA, 1 lM of each primer (see Table S1 ), 10 lL of MESA GREEN qPCR MasterMix Plus for SYBR â Assay I Low ROX (Eurogentec, Seraing, Belgium). The optimized qPCR program consisted of the initial step at 95°C for 5 min followed by 40 cycles of 95°C for 15 s and 59°C for 1 min. After the cycling protocol, primer specificity was verified with a dissociation curve generated by continuously monitoring fluorescence through the dissociation temperature of the qPCR products at a temperature transition rate of 0.1°C s À1 . The efficiency of qPCR amplification for gene-specific primers remained between 95% and 101%, and all qPCR experiments were performed in duplicate. Relative mRNA expression levels were calculated according to the 2 ÀDCt method (Pfaffl, 2001) . To ensure that experimental conditions affected SWS1 opsin expression only, we also quantified the LWS opsin expression.
Statistical analyses
For each female, we computed the difference between treatments in relative mRNA expression for SWS1 and LWS genes and tested the effect of habitat on that difference using linear models. We also included population as a fixed factor. We carried out a backward selection procedure to retain only significant factors in the final model. Model residuals met normality and heteroscedasticity criteria. All analyses were carried out using R v3.1.1 (R Core Team, 2016).
Results and discussion
For both opsins, the population predictor was dropped and the final models included the habitat predictor only. For LWS opsin, we observed no effect of parental habitat on the difference in opsin expression between sibling larvae with or without UV exposure, that is the reaction norm of gene expression (F 1,14 = 0.253, P = 0.623, coefficient AE SE = 0.115 AE 0.229). In contrast, for the UV-sensitive opsin SWS1, the reaction norm was significantly affected by the parental habitat (F 1,14 = 42.02, P = 1.44e-5). The difference in SW1 expression between treatments was higher in larvae from agricultural habitat ponds than in larvae from forest ponds (coefficient AE SE = 0.642 AE 0.070, Fig. 2) , which means that the slope of the reaction norm for SW1 expression was larger in agricultural habitat than in forest individuals. We are aware that the sample size of individuals in our study is small. However, we feel confident that the results are robust because the responses measured in each habitat were consistent between replicate sites (Fig. S2) .
We observed an interaction between the visual environment experienced during development and the visual environment of parents on the expression of the UV-sensitive opsin in larvae of L. helveticus. The deprivation of UV radiation decreased the expression of SWS1 in larvae from agricultural habitats. We already observed a similar pattern for SWS1 in Lissotriton vulgaris larvae (Martin et al., 2016) which originated from an agricultural pond, a typical habitat for that species in the western part of its range. In contrast, no change in the reaction norm of SWS1 opsin expression was detected in forest populations of L. helveticus. Furthermore, only the UV-sensitive photoreceptor was affected as the expression of the LWS opsin remained unchanged in individuals from either habitat. This photoreceptor is sensitive to long wavelengths that were available to all individuals throughout the experiment.
We showed that the variation of the reaction norm of one component of the visual system, SWS1 opsin, depended on the optical characteristics (the transmission of specific wavelengths) of the larval environment and on the parental habitat. Plasticity in opsin expression has been observed in insects (Everett 2012) , fish (Fuller et al., 2010) , amphibians (Martin et al., 2016) and mammals (Hu 2011) . This phenomenon may be widespread among animal groups. In contrast, between-habitat variation in the reaction norm is much less common. In the fish Lucania goodei, SWS1 expression is lower in individuals raised in stained waters, where excess absorption of UV is strong, than in individuals raised in clear water where excess absorption of UV is weak (Fuller et al. 2005) . In a similar experimental set-up to the one used in this study, Fuller & Claricoates (2011) found that the change in opsin expression varied with the parental habitat in the bluefin killifish L. goodei. However, the way they analysed their data did not formally allow testing the significance of the interaction for SWS1, and they did not interpret their results in the context of the evolution of reaction norms. In newts, the steeper slope of the reaction norm of opsin expression in agricultural ponds is consistent with theoretical predictions. Although plasticity is believed to be costly relative to fixed genotypes (DeWitt et al., 1998; Murren et al., 2015) , it is expected to be favoured in temporally or spatially heterogeneous environments where the long-term fitness of plastic genotypes should be higher than the fitness of specialist genotypes (Kassen, 2002; Scheiner, 2013) . Our results are consistent with these predictions.
Components of the neural systems compete for resource, and those that are not stimulated during development may degenerate (Blakemore & Cooper, 1970) . In this regard, it is interesting to observe that SWS1 opsin was not suppressed in forest individuals, but roughly expressed at the same level as in nonexposed larvae from agricultural habitats. UV sensitivity is an ancestral trait of vertebrates (Collin et al., 2003) that may be retained even if not functional in forest habitats through phylogenetic inertia. However, alternative hypotheses supporting functional UV vision in UV filtering environments account for the observed results. First, the low expression level of SWS1 in forest is sufficient to perform functions assisted by UV vision. To this regard, SWS1 opsin genes are widespread in Caudata among species even in forest species (M ege et al., 2016) , which suggests that UV vision is important in this group. Second, UV vision is used after metamorphosis so that there is a cost to degenerate that component of vision if a trade-off between functions of UV vision at different life stages exists. Breeding adults of L. helveticus reflect UV radiation which is used by females to discriminate between conspecific males and L. vulgaris males (Secondi et al., 2014) . We do not know whether nonplastic larvae develop into nonplastic adults, or in other words, whether the slope of the reaction norm is stage specific. A preliminary test of this hypothesis is to quantify opsin expression in adults raised from the egg with a similar experimental design as in this study. A third hypothesis is that incoming gene flow from agricultural habitats opposes to the loss of SWS1 gene or factors regulating its expression. Given the small spatial scale at which we detected variation in the reaction norm, the relative isolation of forest patches in an agricultural landscape matrix and the low level of genetic differentiation of populations in the study area (Johanet, 2009 ), this hypothesis is not unlikely. This hypothesis could be further tested by measuring the change in reaction norm against the variation in forest patch size or any measure of isolation of forest breeding site from nonforest habitats. None of the three hypotheses can be excluded given our current knowledge, nor is it possible to determine what could be the contribution of each putative process.
We found that the plasticity in the expression of a UV-sensitive opsin, the slope of the reaction norm, changed between habitats across a small spatial scale. Questions about the mechanisms that regulate the expression of UV vision and prevent its loss are left pending. The relative contribution of within-habitat and among-habitat gene flow in heterogeneous landscape and trade-offs between functions across life stages are promising lines of investigation. These results have broader implications. In the context of global changes, it is highly relevant to assess how populations cope with the rapid changes in their sensory environment, a prominent question for aquatic habitats (van der Sluijs et al., 2011).
Table S1
Sequence of primer pairs. Figure S1 Downward irradiance experienced by newts during their larval development. All individuals were exposed to light without UV (dotted line). The UV+ groups of larvae were also exposed daily to UV light for 15 min (solid line). Irradiance measurements were taken with a Jaz spectrometer (Ocean Optics Inc., Dunedin, USA) and cosine corrector mounted on a 600 nm optic fiber. Figure S2 Expression of SWS1 (UV sensitive) and LWS (non sensitive to UV) opsins in Lissotriton helveticus larvae originating from two forest and two agricultural sites. Values represent mean (AESE) relative expression of opsin mRNA in larvae exposed to UV during their development (dark grey) and larvae non exposed to UV (light grey).
